work has investigated the link between motor learning and sensory function in arm movement control. A number of findings are consistent with the idea that motor learning is associated with systematic changes to proprioception (Haith A, Jackson C, Mial R, Vijayakumar S.
human motor learning; proprioception; arm movements; reaching; sensorimotor plasticity A NUMBER OF RECENT STUDIES have tested the degree to which motor learning directly influences sensory perception. Visual perception of object motion changes after motor adaptation to a novel force field (Brown et al. 2007 ). Increased visual sensitivity can also develop near the functional end of learned tools (Brown et al. 2011) . The perception of movement curvature and movement symmetry can be changed through the provision of altered visual feedback (Cressman and Henriques 2009; Malfait et al. 2008) .
There is also evidence that proprioception is affected by recent motor learning. The sense of hand position changes after visuomotor adaptation (Cressman and Henriques 2009; Haith et al. 2008) . A similar sensory change has been observed after adaptation to novel forces. Learning to reach in the presence of a directional force field results in systematic changes to the perception of one's hand position (Ostry et al. 2010) . Specifically, the sensed hand position becomes biased in the direction of the learned load. This change in perceptual bias is not observed when subjects merely experience the same trajectories passively, and therefore seems to occur directly as part of a sensorimotor learning process.
Distinct from perceptual bias, the sense of hand position can also be tuned to greater precision. Learning to generate accurate movements also results in improvements in sensory acuity (Wong et al. 2011) , and the improved sense of limb position is spatially localized to the area of training. It thus might be hypothesized that the learning process includes both sensory and motor changes that together mediate new behavior (Vahdat et al. 2011 ).
Here we tested the hypothesis that proprioceptive training can improve motor learning. Subjects were provided with the task of reproducing a specific hand trajectory, either a circle at constant velocity or a handwritten word (see Figs. 1 and 8) . Throughout the training period subjects were regularly provided with a visual demonstration of the desired movement. Experimental subjects were additionally provided with proprioceptive information of the desired trajectory. The hand was moved by a robot precisely through the desired time-varying positions in concert with visual presentation of the hand's desired location. Subjects who experienced this additional proprioceptive information were better able to learn the desired movement.
MATERIALS AND METHODS
Subjects. Seventy subjects between 17 and 38 yr of age (38 women, 32 men; mean age ϭ 22.51 yr) were randomly assigned to one of four groups. All subjects reported no history of visual, neurological, or musculoskeletal disorder. Twelve subjects were assigned to each of the passive (PASS) and control (CTRL) groups (of both circle and cursive writing tasks; see RESULTS). Eleven subjects were assigned to each of the additional reverse (REV) and active (ACT) groups. REV subjects controlled for the possibility that proprioceptive information about any movement (and not proprioceptive information about the desired movement itself) might result in learning benefits (see Proprioceptive specificity). ACT subjects tested whether proprioceptive information during active movement results in even further benefits to motor learning (see Active proprioceptive training). Finally, 12 subjects were assigned to each of two additional movement groups, writing-passive (wPASS) and writing-control (wCTRL), which were used to test whether proprioceptive training benefits more complex movements. Written informed consent was obtained from each subject prior to participation. The University of Western Ontario Research Ethics Board approved all procedures.
Apparatus. Subjects performed reaching movements while grasping the handle of a robotic manipulandum (InMotion Technologies) in the right hand. A six-axis force transducer (ATI Industrial Automation, Apex, NC; resolution: 0.05 N), located inside the handle, measured forces applied by the hand. All subjects were seated at a desk and interacted with the experimental robot in the horizontal plane at shoulder height (see Fig. 1 ). A custom air-sled, placed beneath the subject's right elbow, supported the arm against gravity and minimized friction between the arm and the desk. During motor learning, visual information was displayed via a mirror and LCD monitor display system (Wong et al. 2011 ). The horizontal mirror was placed just below chin height and occluded the subject's view of his/her arm. Visual feedback of hand position was provided on the mirror in real time with the LCD display.
Experimental protocol. The experiment occurred over three consecutive days, taking ϳ25 min per day. At the beginning of the experiment and after a brief 10-movement introduction to the experimental apparatus and task goal, a set of 20 baseline movement trials were recorded. After this baseline, subjects began proprioceptive training, during which active movement trials were interleaved with demonstration trials. We manipulated the information provided during demonstration trials depending on subject group.
Movement task. The complete set of 240 training movements (ϩ 80 demonstration trials) after baseline were divided into blocks of 30 movements. The goal movement was a perfect circle, radius 10 cm. This movement was chosen for several reasons. First, the movement is challenging: performance of the desired trajectory at sufficient speed does not result in asymptotic performance after very brief practice trials, and subjects continue to improve performance over Ͼ100 trials and across multiple days. A perfect circle is also complex to perform because it involves alternating patterns of joint torques and joint reversals. Second, the movement is naturalistic, featuring a constant tangential velocity (Gribble and Ostry 1996; Lacquaniti et al. 1983) . Finally, because subjects must learn a reaching movement of constant radius, there is a clear means by which errors in the position of the hand can be analyzed independently from errors in movement velocity.
There were two kinds of trials in each block: training trials and demonstration trials. Training trials were identical for all subject groups and consisted of attempts to replicate the desired movement. Demonstration trials, and the sensory information contained about desired movement, were different depending on subject group. In each block, subjects from all groups were first shown two visual demonstrations of the desired circle. The complete circle was shown as a red line, and a white cursor moved counterclockwise around the circle at constant tangential velocity (between brief 0.2-s cosine ramps; average velocity of 36 cm/s, duration of 1.67 s). The subject's hand was held fixed at the starting location (at 12 o'clock) during these two visual demonstrations. In training trials, subjects were asked to "replicate, as best as possible, the position and velocity of the demonstrated perfect circle." No visual circle was displayed during training trials; only a cursor representing hand position was displayed. Training and demonstration trials were interleaved at a ratio of 2:1 throughout each movement block.
For experimental subjects (PASS, ACT, REV), the remaining demonstration trials featured the robotic manipulandum guiding their hand through the perfect circle in concert with the movement of the visual cursor (the robot was controlled with a PD controller, 2,000 N·m Ϫ1 , 20 N·s·m Ϫ1 ). For all demonstration trials, visual information was the same across subject groups.
Postbaseline training on days 1, 2, and 3 consisted of 60, 90, and 90 training trials, respectively. Subjects were provided brief breaks every 30 movements to avoid fatigue.
Data analysis. We used several measures to characterize changes to kinematics over the course of learning. Cross correlation index (CCI) was calculated for movements by computing the correlation between the desired and produced signals in both x and y, as functions of time. The mean of the two x-y correlations was used as one dependent measure of motor learning.
Positional error was calculated by measuring the absolute distance between the produced radial distance of the hand and the desired (10 cm) radial distance, averaged over the entire circle.
Average velocity was measured for each trial to determine how well subjects approximated the desired (constant angular) velocity of the circle.
Statistical analysis of changes in kinematic measures was performed with analysis of variance and Tukey post hoc tests. Violations of sphericity were tested for, and Greenhouse-Giesser corrections were employed to correct for any violations of sphericity.
RESULTS
We measured motor learning over the course of 3 days of training. Several kinematic variables were measured to characterize how subjects improved motor performance relative to baseline. We compared performance of subjects receiving visual demonstration of the desired movement (CTRL subjects) to that of subjects who were moved through the desired trajectory by the robot, together with visual presentation of the cursor movement (PASS subjects).
Cross correlation. To assess whether the addition of proprioceptive training on the desired movement improves motor learning, we measured subjects' ability to generate the desired positions [x,y] of the hand over time. As subjects achieve greater skill at generating the desired circle, the produced x and y positions as a function of time should become more correlated with the desired x and y position signal, across the training period. Signal correlation is affected by both errors made in the position of the hand as well as velocity matching error, and is thus in some sense a net measure of movement learning. Figure 2A shows the CCI for both experimental (PASS) and control (CTRL) subjects. This dependent variable is an error measure, with a score of 0 indicating no deviation between desired and actual position signals. Both subject groups clearly show learning over the 3 days of motor learning. Notably, large improvements are observable relative to baseline on day 1 for PASS subjects receiving passive proprioceptive training. At baseline, CTRL subjects demonstrated CCI of mean Ϯ SD ϭ 0.39 Ϯ 0.18, and mean performance for the remainder of day 1 was 0.34 Ϯ 0.15. PASS subjects demonstrated similar performance at baseline (0.45 Ϯ 0.22) but showed larger improvement immediately on day 1, reducing CCI to 0.21 Ϯ 0.06. To test for reliable differences in CCI over the course of learning, an analysis of variance was performed with one within-subjects measure (4 levels: baseline and each day of learning; Fig. 2B ) and one between-subjects measure (groups: CTRL and PASS). A significant interaction was found (P Ͻ 0.001); post hoc tests showed that PASS subjects had smaller error on day 1 relative to baseline (P Ͻ 0.01), while CTRL subjects did not demonstrate this day 1 performance improvement relative to baseline (P Ͼ 0.4). On subsequent days 2 and 3, both subject groups showed improved performance (P Ͻ 0.01). These data support the idea that passive proprioceptive demonstration trials improve the rate of motor learning. We also quantified signed movement error (ϩ/Ϫ indicating hand positions that were greater/smaller than the desired 10-cm radius) to determine whether the overall size of performed circles changed as a function of training. No changes were observed in pairwise comparisons between any conditions (P Ͼ 0.05 in all cases).
Movement velocity. We also assessed the ability of subjects to perform the desired average velocity. Figure 3 shows average movement velocity across the training period. Clear increases in movement speed toward the desired speed are observed relative to baseline for PASS subjects upon presentation of the desired trajectory, while both subject groups asymptote to similar levels. Analysis of variance [1 withinsubject factor (time, 4 levels), 1 between-subjects factor (group)] demonstrated an interaction between training time and group (P Ͻ 0.05); post hoc tests showed that average movement velocity was significantly higher for PASS subjects on day 1 (P Ͻ 0.05); CTRL subjects did not increase movement speed on day 1 (P Ͼ 0.05). By training end, subjects had achieved an increase in movement velocity relative to baseline (P Ͻ 0.05 for both groups). These data also support the idea that passive proprioceptive demonstration trials improve the rate of motor learning.
Positional error. To determine whether subjects were able to reduce the positional error of their movement, independent of any speed information, we measured the radial error-the deviation of the hand's position from the 10-cm radiusaround the entire circle. We observed that subjects who received the passive training were also better at replicating the positions of the circle. Figure 4 shows the (absolute) positional error averaged across the entire movement trajectory, across the training period. Subjects in both groups reduce average radial error over the training period. Another analysis of variance with one within-subject measure (time, 4 levels: baseline, training days 1, 2, 3) and one between-subjects measure (group: control, experimental) found a significant effect of training (P Ͻ 0.02). Post hoc comparisons showed that the two groups do not differ reliably at baseline (P Ͼ 0.4). On days 2 and 3 PASS subjects performed better than baseline (P Ͻ 0.01), while CTRL subjects showed reduced positional error on day 3. These results support the idea that the passive proprioceptive training specifically improves the motor system's ability to generate the desired positions of the hand. These results are consistent with the idea that the demonstration trials with proprioception of desired hand position improved the subject's ability to reduce movement error. These positional error reductions are particularly striking because PASS subjects have also shown great increases in movement velocity (as noted above) and thus are moving more accurately without compromising movement speed.
Proprioceptive specificity. We next investigated the degree to which this benefit of passive proprioceptive training was specifically due to the experienced movement trajectory. It might be noted that when subjects are passively moved through the desired trajectory, they are also given task-relevant information independent of the path itself. Timing information like overall movement duration is provided by a salient start and stop of the robotic manipulandum. In addition, it might be argued that passive demonstration movements also cause subjects to dedicate more attention to their hand during these demonstrations. Either or both of these aspects of proprioceptive demonstration might confound the role of proprioception itself in causing observed improvements for PASS subjects. To control for these factors, we provided a new group of subjects (n ϭ 11, hereafter REV subjects) with the same experience of training and passive presentation trials, but in this case we manipulated the passive presentation trials such that the hand was moved through the opposite, clockwise, circle. As a result of this training, the magnitude of hand tangential velocity and the range of joint angles experienced were identical to those of passive subjects; movement duration is constant, and the task includes similar attentional demands on the subject as in the main experiment. Clearly, however, the sequence of hand positions is different. On the active movement trials subjects in this control were asked to reproduce the circular trajectory in the counterclockwise direction, the same as subjects in the main experiment and opposite to the direction observed during their passive proprioceptive training. Figure 5 shows the changes to CCI for these subjects. Subjects show similar improvements to CCI (as subjects in the main experiment). CCI increased from 0.471 Ϯ 0.19 to 0.324 Ϯ 0.175 on day 1 and maintained the improvement over the following days. An analysis of variance was performed to assess differences between these additional groups of subjects (see statistics below: Active proprioceptive training). Post hoc tests found that these subjects did not demonstrate the early day 1 improvement to CCI that PASS subjects demonstrated on day 1 (P Ͼ 0.05). By days 2 and 3, REV subjects had significantly improved CCI relative to baseline (P Ͻ 0.05), similar to CTRL subjects. Similar results were observed in measures of movement velocity (Fig. 6) . Figure 7 shows mean positional error over the training phase. Unlike in the CCI, no improvements are seen over the entire learning phase. An analysis of variance (see statistics below: Active proprioceptive training) confirmed that these subjects did not demonstrate reliable improvements to their positional error at any point during training.
Active proprioceptive training. It might be proposed that passive displacement of the arm is suboptimal for providing valuable sensory information. In particular, it might be noted that the state of the arm, while relaxed, contains muscle states (length and associated time derivatives) significantly different from those required during active movement. It thus might be that some form of active motor learning-where the subject receives guidance through the desired trajectory while also generating active movement-would be more beneficial (see Marchal-Crespo and Reinkensmeyer 2009 for review). To test this hypothesis we provided an additional group of subjects (n ϭ 11, hereafter ACT subjects) with the same experimental protocol as the main experiment, with one change to instructions: instead of keeping their arm passive, subjects were asked to move actively with the robot during demonstrations of the desired circle. Thus this experience might be described as "augmented" or robot-"assisted" control. The PD controller's coefficients were kept the same as those used for PASS subjects. Figure 5 shows CCI error measured throughout learning. These subjects show improvements similar to those in the passive group of subjects. To test for reliable changes in performance from each day, an analysis of variance was performed with one betweensubjects measure (4 levels: PASS, CTRL, REV, and ACT groups) and one within-subject measure (4 levels: baseline and days 1-3). A main effect of training was found (P Ͻ 0.001). Post hoc tests found that, similar to PASS subjects, these ACT subjects improved CCI on day 1 relative to baseline (P Ͻ 0.05) and maintained this performance throughout the learning period. Figure 7 shows positional error over the course of learning. An analysis of variance [with 1 within-subject factor (time, 4 levels), 1 between-subjects factor (group, 4 levels)] found a reliable factor of training time (P Ͻ 0.01). Post hoc comparisons found no reliable reductions in positional error for ACT subjects, relative to baseline, for the training period. Together, these data suggest that actively moving the arm during proprioceptive demonstration trials helps to improve motor performance but does not admit the same fine improvements to positional accuracy.
The positional data (Fig. 7) appear to suggest that the first movements on each day were significantly poorer than subsequent performance. To determine whether these initial movements were affecting our statistical analyses we re-ran statistical tests without the first block of movements on each day, and these statistical conclusions were identical, thereby ruling out this concern.
This inability of active movement during proprioceptive training to provide reduction in positional errors is surprising, and we sought to further understand the bases of this effect. One possible explanation for this result is that active demonstration trials may have been uninformative if active movement against the handle did not result in positional errors. If this is true, then we may expect that variations in force at the handle during demonstration trials may not be accompanied by positional error.
We examined mean force at the handle for all subjects, during all demonstration trials. It was observed that the variance of force during demonstration trials was indeed higher for ACT subjects than PASS subjects (SD ϭ 2.01 Ϯ 0.95 PASS vs. 3.02 Ϯ 1.58; P Ͻ 0.05). Because the manipulandum commanded tight control about the desired position, these varying forces at the handle did not result in reliable differences in positional deviation of the manipulandum during demonstration trials (means: 1.81 Ϯ 0.5 mm PASS, 0.9 mm Ϯ 0.53 ACT; P Ͼ 0.05). Thus active demonstration trials did not provide information about the relationship between muscle activation and motor error.
Other complex movements. We were also interested to see whether other movements might similarly be improved by passive guidance through the desired trajectory. To do this we tested a new task: cursive writing of the short proper noun "Liz." This movement requires an even longer trajectory (ϳ3.5 s) and features a complex velocity profile and higher peak velocities than the circular movement tested in the first experiment (Fig. 8) . Figure 9 shows CCI for two new groups of subjects (wPASS and wCTRL). Clear immediate improvements are observable for wPASS subjects, in contrast to wCTRL subjects. A mixed analysis of variance found a main effect of training (P Ͻ 0.001) and a weak interaction (P ϭ 0.073). Post hoc tests showed that wPASS subjects improved relative to baseline on day 1 (P Ͻ 0.05); while again wCTRL subjects did not show significant improvement relative to baseline until day 3. These results support the notion that passive presentation of desired movement provides a benefit for learning.
DISCUSSION
We measured the effect on motor learning of adding proprioceptive training to visual presentation of a goal movement and found that passive presentation of the desired trajectory results in faster motor learning. Subjects who experienced passive proprioceptive demonstration trials showed an improved learning rate-these subjects were immediately better at the task on day 1-and maintained this improvement over the subsequent days. Control subjects did not show the same early improvements to CCI, velocity, or position error. These data suggest that passive presentation of desired trajectories may be a useful method for augmenting motor learning. These improvements were not seen for control subjects who received passive demonstration of circles matched for speed but opposite in direction. Interestingly, we observed that proprioceptive presentation of desired movement in concert with active movement did not afford the same improvements to positional accuracy. This result suggests a specific role for purely passive proprioceptive demonstration in the improvement of positional accuracy during motor learning.
By providing new controls with a passive circle in the opposite direction, we attempted to determine whether the improvements to learning could be attributed to the movement trajectory itself. It Fig. 2 (means Ϯ SE) , with the addition of REV subjects and ACT subjects. Data averaged over 10 movement bins. might otherwise be argued that any arm motion would direct more attention to the arm. Similarly, it might be argued that certain gross characteristics of movement-such as movement duration-are simply more salient during robot-guided proprioceptive demonstration trials. These reverse-circle control subjects received a matched range of joint motion, identical magnitude of hand velocity, and cognitive information about movement timing. Analysis of motor learning showed that these subjects had delayed improvements to CCI similar to control subjects and did not show the same improvements to purely positional accuracy. Since the learning benefits were not observed for these subjects, the results are consistent with the idea that the benefits to motor learning conferred by passive proprioceptive guidance can be attributed to the presentation of the trajectory itself.
Previous studies have shown that in some cases the addition of another source of information about a task can improve learning. This has been shown in reaching movements by providing visual information about desired movement (Brown et al. 2009 (Brown et al. , 2010 Mattar and Gribble 2005) , during the visual perception of gait patterns by providing haptic guidance of the subject through the movements themselves (Casile and Giese 2006) , and in grasping movements where the integration of visual and haptic information has been shown to be statistically optimal (Ernst and Banks 2002) . Thus the findings of the present study add to a body of literature exploring the diversity of sensory signals that can be integrated to augment learning.
The fact that speed and timing information was conferred from both passive and active demonstration trials better than for purely visual demonstration trials is consistent with other experiments involving active haptic guidance (Feygin et al. 2002; Milot et al. 2010) . Previous work involving active demonstration-movements with the aid of a robotic manipulandum-has also reported little or no benefit to positional accuracy (Bluteau et al. 2008; Feygin et al. 2002; Liu et al. 2006) . While subjects in the present study performed 240 training movements, the length of the training regime for motor learning has also varied significantly across previous experiments, ranging between 15 and 63 training movements, partly because the analysis of the effect of training type-haptic guidance and visual demonstration versus visual demonstration only-was performed within-subject. The present study also selected a task with considerably different kinematic parameters, with average velocity being more than five times that reported in the above studies. Given Fitts' law, this relatively high task difficulty may have provided greater likelihood for observing benefits to positional variability.
Here we have used the term "motor learning" to denote subjects' improved ability to produce the desired trajectory. It is unclear what aspects of learning are modulated from this experience. One possibility is that the addition of proprioceptive training allows better representation of the desired movement. It also could be that execution errors are better perceived when the desired performance in sensory space is provided. Alternatively, proprioceptive training might change how signals to muscles are computed. Our experiment cannot test between these hypothesized underlying mechanisms, but future modeling and empirical studies may examine these different aspects of learning. Previous studies have found that proprioception of remembered active movement is better than passive movement (Marteniuk 1973) , but only when the movement is self-defined and not externally determined (Stelmach et al. 1976 ). These results might speak to the present finding that positional error was reduced for PASS subjects and not ACT subjects. The previous literature might expect no benefit for active movement for movements that are externally defined, such as those in the present study.
Somatosensory afferent signals have been observed to be attenuated during movement (Brooke et al. 1997; Jones et al. 2001; Prochazka 1989) . Somatosensory evoked potentials have been shown to be gated during both active Starr 1985, 1987) and passive (Staines et al. 1996 ) movement and greater for movements (passive or active) with higher movement velocity (Rauch et al. 1985) . It is therefore interesting that despite these previous observations of downregulated somatosensory signals, they clearly provide additional information to result in a motor learning benefit greater than the visual controls.
To determine the variability of subjects' application of force to the handle, we measured change in the force transducer signal across trials and observed active subjects having reliably greater variability. The recording of electromyographic signals during demonstration movements is another measure of arm activity, and would be a useful way of collecting such passivesubject data in the future explorations of proprioceptive training on motor learning. Additionally, while our data show that PASS subjects behaved differently than ACT subjects during demonstration trials, we cannot rule out the possibility that, against explicit provided instructions, PASS subjects were not completely passive during demonstration trials and instead were moving with the robot. If this is the case, it might be argued that PASS and ACT subjects are performing better than control subjects because they are receiving essentially extra practice. This does not, however, explain the benefits to positional error observed for passive subjects compared with ACT subjects.
In a recent study that examined movement adaptations within task-relevant versus irrelevant dimensions (Diedrichsen et al. 2010) , it was observed that the motor system adjusts motor commands to replicate movement kinematics of previous trials, including subtle deviations caused by passive robotic guidance. The authors term such motor adaptations "usedependent," and discuss how such adaptations are restricted to task-irrelevant dimensions. It may be that a similar mechanism is at work in this study, although in the present study replication of the demonstrated circle is task-relevant given that it is the explicit goal for subjects.
The specific neurophysiological basis for the ability of passive movements to influence motor behavior has not been determined. Recent studies have attempted to examine how afferents signaling muscle length are modulated depending on movement context. One recent study found that human spindle afferent signals may change based on movement context. Spindle reflexes from stabilizing ankle muscles show increased amplitude during quiet standing at an elevated ledge compared with standing at ground height (Horslen et al. 2011 ). Since no changes in either H-reflex magnitude or tonic muscle activation were observed, these data suggest that spindle sensitivity can be independently modulated in humans based on conditions of stress. These behavioral results support earlier findings of modulations to spindle afferent signals when subjects are required to actively attend passive joint rotation (Hospod et al. 2007) . Taken together, these results support the general notion that peripheral sensory signals may be modulated in a contextspecific manner. To our knowledge no studies have investigated the manner in which spindle behavior changes during the acquisition of a novel motor task.
The observed improvement in motor learning that results from passive proprioceptive demonstration is presumably based on changes in motor cortical regions. It may be that this results from direct cortico-cortico connections between proprioceptive and motor cortices, a network that has been shown to be altered during motor learning at short timescales (Vahdat et al. 2011 ). Other studies have reported rapid changes in motor cortical representations following motor practice (Classen et al. 1998; Pascual-Leone et al. 1995) . As far as we know, the present study is the first demonstration that passive proprioceptive training can result in reduced positional movement error during the learning of natural movements.
Considerable research has been performed on the benefits of haptic assistance in movement recovery in both clinical (Lo et al. 2010 ; see Marchal-Crespo and Reinkensmeyer 2009 for review) and healthy ; Reinkensmeyer and Patton 2009 for review) subpopulations, where most often a robot is used to assist active movement. The present study may contribute to this growing body of research by detailing the specific benefits of passive sensory training for motor learning.
